M ost biological rhythms are driven by an internal biological clock and can be synchronized by different factors. Blood pressure (BP) is modulated in a circadian 24-hour rhythm. This cycle depends on complex internal factors, including neurogenic and endocrine fluctuations, and external factors such as physical activity and diet. Although the genesis of BP rhythmicity is controversial, an increasing amount of evidence suggests that BP rhythm is generated from oscillators within the central nervous system located in the hypothalamic suprachiasmatic nucleus, either located in discrete pacemaker neurons or originating in neuronal networks.
M ost biological rhythms are driven by an internal biological clock and can be synchronized by different factors. Blood pressure (BP) is modulated in a circadian 24-hour rhythm. This cycle depends on complex internal factors, including neurogenic and endocrine fluctuations, and external factors such as physical activity and diet. Although the genesis of BP rhythmicity is controversial, an increasing amount of evidence suggests that BP rhythm is generated from oscillators within the central nervous system located in the hypothalamic suprachiasmatic nucleus, either located in discrete pacemaker neurons or originating in neuronal networks. [1] [2] [3] Additionally, activity of the sympathetic nervous system and the genetic components of the circadian clock may play a fundamental role in the regulation of BP. [2] [3] [4] [5] Finally, humoral factors (angiotensin, endothelin, NO, bradykinines, insulin) participate in the determination of BP rhythms. 4 Altered circadian BP rhythmicity has been described in many conditions causing increased cardiovascular risk, such as hypertension, chronic kidney disease, diabetes mellitus, and small birth weight. [6] [7] [8] [9] Because the main intermediate phenotype of adolescents with primary hypertension (PH) is visceral obesity and metabolic abnormalities, we hypothesized that normalization of BP along with the decrease of visceral fat would correlate with the normalization of altered BP and heart rate (HR) rhythmicity. Therefore, we evaluated the relationship between BP and HR rhythmicity with target organ damage (TOD) and anthropometrical and metabolic variables in adolescent boys with PH, before and after 1 year of antihypertensive therapy.
Patients and Methods
The study was performed according to the Declaration of Helsinki and with the approval of the Children's Memorial Health Institute Ethics Committee. All patients and parents gave consent to participate in the study.
Fifty boys (age, 15.0 years; range, 8.5-17 years) with newly diagnosed PH who underwent all procedures before and after 12 months of standard antihypertensive therapy were included in the study. The exclusion criteria were the following: the presence of any significant chronic disease (except for PH) including diabetes mellitus and chronic kidney disease, any acute illness including infections in the 6 weeks preceding enrollment, and incomplete data. PH was diagnosed according to the fourth Task Force Report and confirmed by 24-hour ambulatory BP monitoring (ABPM).
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ABPM Measurements
All ABPM measurements were assessed oscillometrically using SpaceLabs Monitor 90207, and the most appropriate cuff was applied on the nondominant arm. Readings were taken every 20 minutes during daytime and every 30 minutes at night. Recordings lasting ≥20 hours with ≥80% of readings were considered as valid and were included in the analysis. We used a recently published classification system based on ABPM to classify patients as having normal BP, ambulatory hypertension, and severe ambulatory hypertension.
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Because the mean arterial pressure (MAP) is directly measured during oscillometric measurements (representing the BP value with the greatest oscillations) and systolic and diastolic BPs are mathematically derived with device-specific algorithms, only MAP was used for the rhythmicity analysis. BP nighttime dipping status was analyzed by calculating the ratio of MAP during the day (D) in relation to nighttime (N) MAP (MAP D/N). Dipping was a decrease in MAP of ≥10%, and nondipping was a decrease of <10%. 12 Similarly, the HR nighttime dipping was described with the D/N ratio (HR D/N). The night period was defined as 00:00 hours to 06:00 hours, and the daytime period was defined as 08:00 hours to 20:00 hours. MAP, systolic BP, and diastolic BP values are presented as absolute values in mm Hg and as SD score (MAP-SDS, systolic BP-SDS, and diastolic BP-SDS).
Rhythm Analysis
Rhythm analysis was performed according to the procedure described elsewhere. 13 In short, the 24-, 12-, and 8-hour BP and HR rhythms were analyzed using Fourier analysis. First, the 24-hour circadian rhythm was checked using the least squares analysis and was considered as present if a cosine function within 24 hours was fitted with P<0.05. Then, shorter ultradian rhythms were analyzed in the same manner. The following parameters were calculated for each significant rhythm: (1) the midline estimating statistic of rhythm (MESOR), which is the median value between the lowest and the highest values of the fitted cosine curve, (2) amplitude, which is the difference between MESOR and the highest value, and (3) acrophase, which is the time from midnight to the highest value during the rhythm.
Fat Tissue Distribution
Obesity was diagnosed according to International Obesity Task Force recommendations.
14 Fat tissue distribution was assessed by the anthropometrical measurements including body mass index (BMI), waist circumference (WC), and waist-to-hip ratio, waist-to-height ratio. MRI with the 1.5 T whole-body scanner was used to quantify visceral adipose tissue (VAT), intraperitoneal VAT, extraperitoneal VAT, subcutaneous adipose tissue (SAT), superficial SAT, and deep SAT. The single slice at the L4-L5 level was done to measure the area of specific fat compartments. 15 In an abdominal scan, the region of interest was traced at the mouse pointer, and this area was calculated by multiplying the number of pixels in the highlighted region by their known area. The SE of estimation was 8% to 11%.
Assessment of TOD
TOD was assessed using left ventricular mass index (LVMI), common carotid artery intima-media thickness (cIMT), and carotid wall cross-sectional area (WCSA).
Echocardiography
All echocardiography examinations were performed by 1 examiner who knew the clinical diagnosis, but was not aware of the severity of hypertension and the effectiveness of treatment. Echocardiography measurements were performed according to American Society of Echocardiography guidelines. 16 To standardize the left ventricular mass to height, LVMI was calculated according to the de Simone formula. 17 Left ventricular hypertrophy (LVH) was defined as an LVMI value above the 95th percentile for age-and sex-based reference data, and severe LVH as LVMI≥51 g/m 2.7 .
10,18
IMT Measurements
cIMT was evaluated by ultrasound, and SD of normal values for cIMT was obtained according to the methodology described previously. 19 Mean WCSA was calculated from the equation:
2 , where dD is the mean diastolic diameter.
Laboratory Investigations
The following metabolic cardiovascular risk factors were assessed at diagnosis and after 1 year of treatment: insulin sensitivity/insulin resistance, the area under the curve of insulin and glucose (AUC ins and AUC glu , respectively) after oral glucose loading, lipid profile, plasma homocysteine, serum uric acid, and high sensitive C reactive protein.
Blood samples were taken after 12 hours of fasting. An oral glucose tolerance test was performed after oral ingestion of 1 g/kg (maximum 75 g) of glucose. Blood samples were taken via venous catheter at 30-minute intervals. The plasma glucose level was measured by a Dimension analyzer. Plasma insulin concentration was measured by radioimmunoassay. Insulin resistance was expressed as the homeostasis model assessment for insulin resistance. Serum adiponectin and leptin levels were measured by an ELISA using a commercially available kit (LINCO Research, Salem, NH). Plasma homocysteine was measured with a fluorescence polarization immunoassay (Axsym, Abbott Park, IL) for the quantitative measurement of total l-homocysteine. The high sensitive C reactive protein concentration was determined using highly sensitive immunoturbidimetry (Orion Diagnostica, Espoo, Finland).
Definition of Metabolic Syndrome
Metabolic syndrome (MS) was defined according to the International Diabetes Federation Consensus on MS in children. 20 WC was referred to Polish reference values. 21 
Antihypertensive Treatment
None of the patients received antihypertensive therapy before enrollment into the study. When the diagnosis of PH was confirmed, all patients received the same advice about nonpharmacological therapy, including lifestyle modifications, weight reduction, low-sodium, low-carbohydrate diet, and an increase of physical activity ≤90 minutes daily. The compliance with nonpharmacological treatment was assessed according to patient and parent information.
The principles of treatment have been described previously. 22 In short, pharmacological therapy was started according to the guidelines. 10, 23 Patients with severe ambulatory hypertension and with TOD (LVMI>95 percentile and cIMT>2 SDS, and WCSA>2 SDS) received pharmacological therapy. BP was assessed after 3 months as home and office BP and after 6 and 12 months by ABPM. If there was still stage 2 and severe ambulatory hypertension, the second drug was prescribed or pharmacotherapy commenced.
Pharmacological therapy was based on the angiotensin-converting enzyme inhibitor (ACEi; ramipril, 6 mg/m 2 per day). In case of an allergy or ACEi intolerance, there was an angiotensin 2 receptor typeVariables with normal distribution were presented as mean and SD values, whereas variables with abnormal distribution were presented as median and range values between the 5th and 95th percentiles. The correlation analysis was performed using Spearman test for abnormal distribution. Variables with significant correlation including changes in anthropometrical parameters, fat tissue distribution, and changes in BP and metabolic parameters were then included in the step-wise multiple regression analysis. P values <0.05 were considered statistically significant, and values between 0.05 and 0.1 were considered as demonstrating trend toward significance.
Results
At Diagnosis
Of 50 (58%) boys, 29 boys had severe ambulatory hypertension, and 21 (42%) boys had ambulatory hypertension ( Figure 1) .
As described previously, the baseline rhythmicity data were compared with previously published referential normative values. 13, 24 All patients in the current analysis had reduced amplitudes of the 24-, 12-, and 8-hour BP rhythms and delayed acrophases for all circadian and ultradian rhythms compared with the reference values. 13, 24 The main intermediate phenotype was truncal obesity, assessed as increased WC (Table 1) . Obesity was diagnosed in 28 (56%) and MS in 11 (22%) patients. There were no significant differences in cardiovascular rhythmicity when comparing obese and nonobese subjects.
Throughout the study, 15 (30%) boys who had ambulatory hypertension without TOD received only nonpharmacological therapy. Overall, 35 (70%) boys were treated pharmacologically. Thirty-two boys with severe ambulatory hypertension and with TOD at diagnosis received pharmacotherapy at the beginning. After 3 months, nonpharmacological treatment was ineffective in 3 boys, and they necessitated pharmacological therapy. Overall, 26 boys received monotherapy (ACEi, 9
[18%] patients; angiotensin 2 receptor type 1 blocker, 11 [22%] patients; amlodipine, 6 [12%] patients), 7 boys were prescribed a second drug (amlodipine) after 3 months, and another 2 boys after 6 months (Figure 1) .
Twenty-two (44%) boys had LVH including 8 (16%) with severe LVH. cIMT>2 SDS was found in 13 (26%) patients, and WCSA>2 SDS was found in 12 (24%) patients. Patients with arterial injury did not differ concerning BMI, BP, and HR rhythmicity, but had a greater amount of VAT, lower amount of SAT, greater ratio of VAT to SAT, and greater insulin resistance than patients with normal cIMT and WCSA. In contrast, patients with LVH had a greater BMI and WC but nonsignificantly greater amount of VAT and lower amount of SAT in Table 1 ). The prevalence of ambulatory hypertension decreased from 42% to 28% (P=0.003), and that of severe ambulatory hypertension decreased from 58% to 4% (P=0.001). Normotension was obtained in 68% of boys.
Despite the significant decrease of BP and HR, there were no changes in BP and HR rhythmicity after 1 year of treatment, including changes in the prevalence of 24-, 12-, and 8-hour MAP rhythms or dipping phenomenon before and after treatment. The amplitudes of 24-, 12-, and 8-hour MAP and HR rhythms remained reduced, and acrophases of MAP/HR were still prolonged. There were no significant correlations between changes in BP rhythmicity and changes in BP. Similarly, changes in MAP and HR rhythmicity were not significantly different between children treated pharmacologically and nonpharmacologically.
After 12 months, there were no changes in the level of total cholesterol, triglycerides, high-density lipoprotein, AUC ins , AUC glu /AUC ins , homeostasis model assessment for insulin resistance, uric acid, high sensitive C reactive protein, homocysteine, and adiponectin, but there were significant decreases of low-density lipoprotein, AUC glu , and leptin level (P=0.04, P=0.01, and P=0.002, respectively).
After 1 year of treatment, LVH was still present in 18 (36%) boys (n.s.), severe LVH in 2 (4%) boys (n.s.), cIMT>2 SDS in 12 (24%) boys, and WCSA>2 SDS was present in 11 (22%) boys (n.s.). The prevalence of MS did not change.
No correlation was observed between changes in MAP/ HR rhythmicity and changes in LVM, cIMT, BP, BMI, insulin sensitivity/resistance markers, and other metabolic risk factors. The change in 24-hour MAP amplitude correlated with the change in WC (P=0.035). Moreover, the decrease of VAT correlated with the decrease of 24-hour MAP and 24-hour HR acrophases (both P<0.05; Table 2; Figure 2 ). Changes of MAP and HR rhythms did not differ between patients who achieved or did not achieve normotension and regression of LVMI or cIMT, and between patients who were obese and nonobese at the beginning and after 12 months.
The step-wise regression analysis revealed that the main predictor of LVMI and cIMT regression was not BP lowering or change in BP and HR rhythmicity, but the decrease of WC 
Discussion
The main finding of our study is that abnormal cardiovascular rhythmicity persists in most boys with hypertension despite effective antihypertensive therapy and regression of TOD. Because the antihypertensive treatment did not alter the abnormal BP and HR rhythmicity, our results suggest that the abnormal rhythmicity is the primary pathophysiological mechanism, and that the metabolic changes may be secondarily associated with the primary abnormality.
Only few reports indicate the different role of distinct antihypertensive agents on diurnal BP and HR pattern during antihypertensive therapy. It was observed that calcium channel blockers may shorten the ultradian periodicity of BP variation as compared with other antihypertensive agents. 25 On the contrary, ACEi had no effect on the circadian rhythm parameters of BP or HR. 25 β-Blockers reduced the amplitude and MESOR of HR but had no effect on amplitude and acrophase of MAP. 26 It seems that different drug classes exert different effects on the autonomic nervous system and the neurogenic and humoral factors affecting circadian rhythmicity. 27 The clinical characteristics including intermediary phenotype, severity of hypertension, prevalence of TOD and MS were typical for adolescents with PH.
28,29 Although we did not find any significant correlation between BP rhythmicity and TOD, it has been shown in several reports that nondipping status and increased morning BP surge were associated with TOD. [30] [31] [32] [33] [34] [35] The lack of correlation between altered BP and HR rhythmicity and TOD in our study may be caused by the fact that absolute BP values in our patients were lower than those reported in studies of adults with hypertension. Second, the exposure to elevated BP is much shorter in adolescents with hypertension than in adults with hypertension. Thus, the relationship between altered cardiovascular rhythms and TOD may develop later in life (ie, be detected at an adult age).
Previously we found that 1 year of nonpharmacological and pharmacological therapy led to BP reduction and TOD regression, and the main predictor of TOD regression was the decrease of visceral obesity expressed as the decrease of WC. 22 In another study, it was demonstrated that obese patients with hypertension displayed similar 24-hour, daytime, and nighttime MAP values as lean patients with hypertension. 24 Nevertheless, the 24-hour MAP amplitudes were lower in nonobese patients with PH in comparison with obese patients with PH. Although the 24-hour MAP acrophases were similarly prolonged in both obese and nonobese children with hypertension in comparison with controls, the 12-hour MAP acrophase was delayed, whereas the 8-hour MAP acrophase was premature in lean patients with PH in comparison with obese patients with PH. Now, we focused on longitudinal changes of body fat in relation with longitudinal changes in BP and HR rhythmicity. We found that decrease of BP and changes in BP and HR rhythmicity were not independent predictors of TOD regression. However, the main independent predictor of TOD regression was decrease of visceral fat. Moreover, the decrease of visceral fat correlated also with the normalization of MAP and HR acrophases. Similarly, the decrease in visceral fat correlated with the decrease of MAP amplitude. This phenomenon may be caused by a concomitant decrease of MAP acrophases and decrease of BP.
Both experimental and clinical studies indicate that obesity is an important regulator of cardiovascular rhythmicity. 34, 35 VAT deposition is both the result and the cause of increased sympathetic activity and endocrine disturbances such as hypercortisolism, adipokines secretion, and immune activity. 36 It is also known that insulin resistance is associated with impaired cardiovascular rhythms in humans. 37 The autonomic neurons network innervates fat deposits, and the excess of VAT may disturb the autonomous nervous system activity through local inflammation and secretion of adipocytokines. Windham et al 38 showed that central adiposity was associated with disturbed function of the sympathetic/parasympathetic nervous system. Gupta et al 39 has found a subtle abnormal circadian BP variability in prediabetic and obese patients, and emphasized the hypothesis that an excess of VAT with the accompanying proinflammatory state influenced circadian BP variability and caused increased cardiovascular risk. This is confirmed by our findings that the change in BP and HR rhythmicity correlated with the change in visceral adiposity expressed as the decrease of VAT but not with changes in BMI. Therefore, the decrease of WC may be a marker of treatment efficacy not only in terms of regression of TOD but also normalization of BP rhythmicity. Although the correlations between changes in VAT and changes in BP rhythms were quite strong, as for biological systems, they were only of moderate power with r ranging from 0.22 to 0.45. It suggests that the effects caused by VAT are modulated by other factors both independent of VAT such as diet and activity, and dependent of VAT and caused by cytokines, hormones, and immune activity.
Second, the finding that despite BP normalization, cardiovascular rhythms did not change may explain the fact that antihypertensive treatment (both nonpharmacological and 
Limitations
The main limitation of our study is having only a small number of patients and relatively short period of follow-up. One can assume that longer follow-up of patients who are treated and achieved normotension can allow finding substantial changes in BP rhythms and relation with TOD. The other limitation is complex antihypertensive therapy (both pharmacological and nonpharmacological) and the various antihypertensive agents (ACEi, angiotensin 2 receptor type 1 blocker) used in our study. It makes it impossible to assess the role of each of them on BP/HR rhythmicity; this was however not the aim of the study. Moreover, patients' adherence to nonpharmacological and pharmacological treatment were evaluated only by asking patients and their parents. Third, although our data suggest that the abnormal rhythmicity is the primary problem, study design does not allow discerning this hypothesis with certainty.
Conclusions
Our study suggests that disturbed BP and HR rhythmicity is a primary phenomenon in children with hypertension. We found that despite BP lowering, the circadian profile of BP and HR rhythms did not normalize on therapy. However, the decrease of VAT predicted both TOD regression and improved cardiovascular rhythms. These findings underline the importance of disturbed body composition in the pathogenesis of hypertension.
Perspectives
The relationship between altered cardiovascular rhythmicity and visceral adiposity may be important in view of new treatment strategies in PH. The therapy should focus not only on BP lowering or the decrease of BP variability but also on normalization of fat tissue distribution and reduction of VAT. Because this relationship has not been studied in children in the past, it would be interesting to analyze whether this correlation is present in healthy children compared with obese or prehypertensive peers. It is also important to characterize the effects of different antihypertensive medication on BP and HR rhythms. Finally, further studies should be done to analyze whether altered cardiovascular rhythms are a primary or secondary phenomenon in children with hypertension.
